We have measured the kinetics of reaction between MgO and majoritic garnet at 20 GPa and 1773-10 2123 K as a proxy for the reaction between perovskite and ferropericlase during mantle upwelling 11 across the 660 km seismic discontinuity. Ringwoodite forms a layer between MgO and garnet and, 12 in the case of aluminous garnets the interface between ringwoodite and garnet develops a fingering 13 instability resulting in a complex intergrowth at this interface. By contrast, the MgO-ringwoodite 14 interface is always planar for an initial planar MgO-garnet interface. Two thicknesses are therefore 15 defined; (1) a layer thickness, X 1 , which is the maximum thickness of ringwoodite which forms a 16 plane-parallel bounded layer next to the MgO, and (2) an interface thickness , X 2 , which is the 17 maximum extent of the intergrowth region away from the ringwoodite layer. The growth of both of 18 these regions can be described by apparent rate constants, k i , which are Arrhenius with ( ) = - 
Introduction 28
The grain size of the lower-mantle is an important, but poorly constrained, geophysical parameter, 29 controlling, among other things, its viscosity (in diffusion creep) and the relative importance of 30 radiative versus lattice thermal conduction. The grain size of the lower mantle was initially set by 31 primary crystallisation from a deep magma ocean and has subsequently been modified by 32 competing processes of grain growth and recrystallisation. Grain growth occurs in order to minimise 33 the surface energy of the system whereas recrystallization occurs in response to deformation-34 induced damage to grains or phase transitions as convecting mantle material passes between 35 regions where different phases are thermodynamically stable (e.g. Solomatov and Reese, 2008) . The 36 660 km seismic discontinuity is particularly important in this respect because, unlike most of the 37 upper-mantle phase transitions, the ringwoodite ↔ perovskite + ferropericlase post-spinel reaction 38 is a dissociation reaction where the kinetics of the prograde and retrograde reactions are 39 fundamentally different. The prograde reaction (during subduction and mantle downwelling) has 40 been previously studied since it has significant implications for the cessation of deep seismicity in 41 subducting slabs, as well as for their grain size and strength (Kubo et experiments, these glass and enstatite components rapidly transformed to majorite garnet such that 101 no untransformed material was observed in any experiment, even at the lowest temperature and 102 shortest duration. In most cases the MgO capsule was packed directly into a LaCrO 3 furnace, 103 resulting in strongly oxidising conditions, but for several experiments an outer Mo foil capsule was 104 added to ensure that the oxygen fugacity was close to assumed lower-mantle values of iron-wüstite 105 minus 2 log units (eg Otsuka et al. 2010) . No systematic difference in the reaction kinetics was 106 observed between the un-buffered and buffered experiments. Temperature was monitored using 107 W-Re thermocouples inserted co-axially to the furnace with their hot-junctions terminating on a disc 108 of rhenium foil placed between them and the end of the capsule. In all cases the thermocouple 109 junction was within 500 m of the MgO disc which was as close to the centre of the furnace as 110 possible. The MgO disc was therefore likely to have been 50-100 K hotter than the thermocouple 111 reading: quoted temperatures have not been corrected for this. Loaded cells were stored under low 112 vacuum at 150 °C for 12 hours or more prior to high-pressure experiments in order to minimise 113 contamination from adsorbed surface water. 114
Experiments were performed by first compressing the cell to the pressure of interest (20 GPa) and 115 then heating to the target temperature over a period of 30 minutes. The final approach to 116 temperature from 1473 K was achieved in <10 minutes meaning that reaction during this stage was 117 negligible compared to the duration of the experiments. The temperature was maintained for 118 durations of between 30 minutes and 2 days after which temperature was quenched by cutting 119 power to the furnace. Cells were slowly decompressed and sectioned for analysis, with the furnace 120 axis contained in the plane of the section. Experimental conditions and durations are presented in 121   table 1.  122 A further experiment was performed as above but using an alumina-free glass with a composition of 123 (Mg 0.85 Fe 0.1 Ca 0.05 )SiO 3 . This experiment was informative as regards the mechanism of mass transfer 124 across the reaction zone (see below) but it was not used in determining the kinetics of the reaction. 125
Analysis
Polished samples were analysed by Raman spectroscopy for initial phase identification. The polished 127 surface of the cell was then coated with ~30 nm of carbon and imaged by back-scattered electron 128 (BSE) imaging using a JEOL JSM-6480LV scanning electron microscope (SEM) at University College 129
London at 15 kV accelerating voltage. Line-profiles of chemical composition were measured in the 130 same SEM using Link ISIS software in scanning mode. These are presented as raw X-ray counts 131 without matrix corrections. Reaction rim widths were measured from between 5 and 10 BSE images. 132
These agreed within error with rim widths determined from the compositional line-profiles. Areas of 133 reaction zones were determined by manually drawing around the ringwoodite layer and the areas of 134 these drawings were determined using the ImageJ programme (Schneider et al., 2012 ). In the rare 135 cases where the backscattering contrast between the different phases was sufficiently strong to 136 determine phases by automatic thresholding the image, the measured areas agreed with areas 137 determined by drawing. In order to investigate any possible topotaxy several samples were first 138 chemically polished to high quality, using 0.03 m colloidal silica in an alkaline solution, then coated 139 with a <5 nm layer of carbon and analysed by electron back-scattered diffraction (EBSD) in the X500 140
CrystalProbe field emission gun (FEG) SEM at the University of Liverpool. Electron back-scatter 141 diffraction patterns (EBSPs) were obtained using 20 kV accelerating voltage, 35 nA beam current and 142 25 mm working distance. EBSPs were automatically indexed using the software package CHANNEL 5, 143
and crystallographic misorientations were calculated between neighbouring data points with 0.25 144 m grid spacing. Errors in the measurement of orientations are within ±0.5°. All EBSD analyses were 145 carried out with simultaneous element mapping, using energy dispersive spectroscopy (EDS), so that 146 measured crystallographic orientations could be associated unequivocally with each of the phases 147 present. Chemically polished samples were also imaged in forward-scattering geometry to produce 148 orientation contrast images using the Leo 1530 FEG SEM installed at the Bayerisches Geoinstitut. 149 (Fig. 1b) are lighter than iron-free samples (Fig. 1a) . The assignment of the different regions 155 to MgO, ringwoodite and garnet is confirmed by the compositional profile ( for developing interfacial instabilities it is not the only mechanism. We suggest that the complex 165 intergrowth observed here results from a double-diffusive instability. Figure 1e which is rate limited by aluminium diffusion away from the growing interface. In addition to 176 interdiffusion within the garnet, the pyrope concentration at the growing ringwoodite interface can 177 be reduced by increasing the area of the interface at which pyrope is expelled, resulting in a complex 178 symplectite texture in the reaction rim. We tested this model by performing one experiment in an 179 alumina-free system which should have a planar reaction rim if the instability is double-diffusive but 180 which should still have a complex interface if it is due to matrix stresses (Fig. 1c) . The interface 181 between garnet and ringwoodite is a simple planar feature in this experiment, confirming that the 182 symplectite texture observed here in Al-bearing experiments is due to a double-diffusive instability. how is the reaction-zone width defined? We chose to present two distinct parameters (Fig. 2a ) 211 defined as follows: (1) The minimum distance between MgO and garnet is measured in a series of 212 images of the same interface in a given recovered sample. The width of this pure-ringwoodite layer 213 (X 1 ) is quoted as the mean of these measurements. (2) We also define a width of the ringwoodite-214 garnet intergrowth region (X 2 ) as the maximum extent of the ringwoodite away from the MgO, 215 measured perpendicular to the MgO interface, minus X 1 (Fig. 1a) . As before, the mean intergrowth 216 width for each experiment is obtained by averaging several measurements. Throughout the paper 217 we use the subscripts 1 and 2 to refer to the ringwoodite layer and intergrowth region respectively. 218
Results

150
The widths of the ringwoodite layer and the intergrowth region are presented in Table 1 cannot be used to calculate a reaction rate, but rather describes the width of the intergrowth region. 234
On the other hand, if the layer of ringwoodite reflects the consumption of MgO, as we argue below, 235 k 1 is a true rate constant and can be used to calculate rate of consumption of MgO in this system. 236
The growth of ringwoodite at the interface between MgO and garnet, according to the simplified 237 reaction: 238 MgO + MgSiO 3 = Mg 2 SiO 4 (3) 239 is kinetically inhibited in the experimental arrangement (and in the Earth) by a layer of product 240 material forming between the reactants. For the reaction to proceed reactant material must be 241 transported across the growing ringwoodite layer; MgO can diffuse towards the garnet interface or 242
SiO 2 can diffuse towards the MgO interface as cartooned in figure 4, or a mixture of both can occur. 243
In the case of magnesium diffusion (Fig. 4a) , ringwoodite grows at the garnet interface according to 244 reaction (3) and MgO dissolves into the ringwoodite at the MgO interface. Thus, while the MgO 245 crystal is consumed by the reaction, ringwoodite does not grow at the point of MgO dissolution to 246 fill the void left by the diffusing MgO volume. Rather, the ringwoodite is produced at the interface 247 with garnet, with a resultant local volume increase, and the entire ringwoodite layer must then relax 248 in response to the stress gradient produced by dissolving MgO at one interface and growing 249 ringwoodite at the other. 250
In the case of silicon diffusion (Fig. 4b) , however, ringwoodite is produced in equimolar ratios at both 251 interfaces through the two half reactions, at the ringwoodite-garnet interface: 252 half of the layer in contact with MgO (Fig. 1c) implying that in this experiment the original interface 275 was located at the centre of the growing ringwoodite layer. Furthermore, if the thickness of the 276 ringwoodite layer produced in the Al-free experiment is halved it agrees well with the growth rate of 277 the ringwoodite layers in the Al-bearing experiments (Figures 2 and 3) ie, the total growth rate of 278 ringwoodite in the Al-free experiment is twice the growth rate of the ringwoodite layers in the Al-279 bearing experiments. This is consistent with diffusion of SiO 2 controlling the growth of ringwoodite 280 in this system.It is surprising that silicon diffusion controls growth of the ringwoodite when 281 magnesium diffusion is much faster than silicon diffusion in ringwoodite (eg Farber et al., 2000) , 282 however the activation enthalpy of the rate constant and the mass balance at either side of the 283 growing ringwoodite both argue strongly for silicon diffusion. Possibly grain-boundary diffusion of 284 silicon is faster than lattice diffusion of magnesium at the small grain sizes of the ringwoodite in the 285 present experiments, but this hypothesis cannot be tested until magnesium diffusion coefficients aremeasured for ringwoodite. A final possibility is that the slowest diffusing species is oxygen, in which 287 case both Mg-diffusion and Si-diffusion will be active in the growing ringwoodite layer. Due to the 288 difficulty of accurately measuring the volume of ringwoodite in the intergrowth layer it is not 289 possible here to unequivocally determine the dominant mass transport mechanism. However, all of 290 the observations are consistent with Si-diffusion being the controlling process. 291
292
Growth Fabric 293
Results from an electron-backscattered diffraction study of experiment H2742 (1973 K, 1h) are 294 presented in Figure 5 . The MgO plate was broken into several large pieces during this experiment, 295 resulting in 4 large MgO domains at the bottom of figure 5a (note that grains can be visualised as 296 domains of distinct colour in all phases). Ringwoodite in the layer next to MgO forms grains of up to 297 5 m diameter (Fig. 5b ) and tends to have phase boundaries with MgO in which ringwoodite (001) 298 planes are closer to MgO (001) orientations than a random distribution (Fig. 5c ), however the 299 texture is not strong. The mean grain size in the intergrowth region (Fig. 5d ) is much smaller, at 300 1.6±0.1 m and ringwoodite-garnet phase boundaries are closer to random than the ringwoodite-301
MgO phase boundaries. Grain growth appears to be very slow in the intergrowth region, not 302 changing significantly between experiments with different amounts of reaction, as seen from the 303 orientation contrast map of the reaction region in experiment H2581 (1873 K, 30h), Figure 6 . The 304 grain size of garnet away from the intergrowth region is larger than either the layer or intergrowth 305
regions. 306
Discussion 307
Comparison with previous results 308
Only one previous study has investigated the retrograde reaction across the 660 km discontinuity: 309 /mol, which is unreasonably large for defect 315 migration in silicates and suggests that some factor other than pressure is causing the reduced 316 reaction rate in the previous study compared to this one. One possibility is that the presence ofperovskite rather than garnet on the silica-rich side of the reaction couple reduces reaction rates by 318 changing either the stress-field or the activities of the diffusing species in the ringwoodite layer. A 319 more likely explanation might be that the excess free energy of reaction is higher in the present, 320 low-pressure, experiments resulting in a larger driving force for the reaction. Shimojuku corresponding to randomly distributed MgO and perovskite in the lower mantle. In both cases we 346 assume that the garnet and periclase are weak media of infinite extent and ignore nucleation 347 kinetics allowing us to consider only the diffusion problem. 348
In the first case the rate of consumption of ferropericlase at each interface is, from (2) and (5): 
Ferropericlase consumption for the two cases is presented as a function of time in figure 7 for 360 reaction at 1873 K. The reaction rate of spheres is significantly more non-linear in time than the 361 reaction rate of sheets, with spheres initially reacting much faster than sheets; 50% reaction is seven 362 times faster for spheres than for sheets with the same initial size, but 95% reaction is only twice as 363 fast for spheres. Seismic observations would therefore more readily observe the thickness of a 364 layered texture around the 660 km discontinuity, where the effective reaction width is wider than in 365 spheres of an equivalent size, than an isotropic texture: the effect of grain size on the width of the 366 660 km seismic discontinuity will be addressed in a separate paper. 367
Implications for the mantle above 660 km. 368
The complex ringwoodite-garnet intergrowth texture observed in Al-bearing samples has 369 implications for the grain size and (potentially) strength of the deep transition zone. The reaction 370 produces an inherited texture from the lower-mantle assemblage with ringwoodite replacing the 371 original ferropericlase grains and garnet replacing perovskite. At the interface between ringwoodite 372 and garnet there is a fine-grained intergrowth zone which, in the present experiments, contains one 373 half of the ringwoodite and is approximately 25 vol % ringwoodite, 75 vol% garnet. Ringwoodite 374 comprises approximately 60 vol% of the deep transition zone suggesting that, if the mass balance 375 observed here pertains to the retrograde reaction at 660 km depth in the Earth, all of the garnet will 376 become included in the reaction intergrowth and this intergrowth will occupy 70 vol% (with 30% 377 ringwoodite and 40% garnet) once the reaction is complete. The reaction zone is likely to be less 378 than 1 km thick for reasonable lower-mantle grainsizes (figure 7) and upwelling rates but regionsconsisting of the ringwoodite-garnet intergrowth will not readily coarsen due to Zener pinning (eg 380 Hillert, 1965 ). This will result in a region at the base of the transition zone which consists of 381 ringwoodite grains (of similar size to the ferropericlase grains from which they were derived) 382 embedded in a fine-grained mixture of ringwoodite and garnet. The present experiments suggest 383 that the grain size of perovskite is reset to a small value during mantle upwelling through the 660 km 384 discontinuity, however the grain size of ferropericlase might persist as a palimpsest texture of 385 ringwoodite porphyroblasts within a fine-grained ringwoodite-garnet matrix. It might be possible for 386 this texture to be preserved during ascent through the upper mantle, since the (Mg,Fe) 2 SiO 4 387 porphyroblasts will have a larger grain size, and will coarsen more quickly, than the mixed-phase 388 matrix. This will result in the porphyropblasts being stronger than the matrix and, hence, they might 389 survive shear deformation during mantle upwelling and exhumation. Such palimpsest textures coarser than the surrounding mantle (eg Solomatov, 1996; Korenaga, 2005) . The increased plume 411 temperature of, perhaps 500K hotter than the normal mantle, will act against these factors 412 increasing reaction rates by one order of magnitude: this effect is small compared to the effect of 413 the enhanced upwelling rate at plumes. 414
Without further experimental studies it is difficult to estimate the thickness and strength reduction 415 of such a layer. However, if we assume that diffusion creep dominates for grain sizes of 10 m or 416 less, using the grain-growth kinetics for pure ringwoodite (Yamazaki et al., 2005) 
